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HIGHLIGHTS 


•  A  novel  dealloying  method  using  pulsed  voltage  waveforms  is  invented. 

•  It  can  lower  the  compositional  threshold  for  dealloying  to  take  place. 

•  It  can  more  thoroughly  remove  the  more  reactive  metal  component,  producing  a  porous  metal  of  higher  purity  and  higher  porosity. 

•  It  can  lead  to  thinner  ligaments. 

•  It  can  enable  supercapacitor  electrodes  with  better  performance. 
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Dealloying  is  an  important  industrial  technique  for  generating  nanoporous  metallic  structures  by 
selectively  leaching  out  the  more  reactive  metal  component  from  an  alloy  material.  A  constant  voltage  is 
often  applied  to  facilitate  the  dealloying  process.  Here  we  report  the  first  study  on  dealloying  with  the 
application  of  a  voltage  waveform— specifically,  pulsed  voltage  waveforms  are  applied  for  dealloying  Ni 
— Cu  alloys.  It  is  found  that  pulsed  dealloying  voltage  waveforms  can  exert  a  strong  impact  on  the 
dealloying  process  by  1 )  significantly  lowering  the  compositional  threshold  of  the  more  reactive  metal 
component  for  the  dealloying  reaction  to  take  place,  2)  more  thoroughly  removing  the  more  reactive 
metal  component  and  thus  producing  a  porous  metal  of  higher  purity  and  higher  porosity  (volume 
fraction  of  voids),  and  3)  greatly  affecting  the  morphology  of  the  generated  porous  metal  structure  (e.g., 
leading  to  significantly  thinner  ligaments).  The  nanoporous  metallic  materials  obtained  by  the  pulsed 
voltage  waveform  enable  supercapacitor  electrodes  of  significantly  better  performance  than  the  coun¬ 
terpart  dealloyed  with  a  constant  voltage. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nanoporous  metals  are  intensively  investigated  for  their 
importance  in  a  wide  range  of  applications.  Among  the  different 
techniques  for  fabricating  nanoporous  metals,  dealloying  is  a 
convenient  industrial  technique  that  is  commonly  used  to  generate 
nanoporous  metals  by  selectively  dissolving  the  more  reactive 
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metal  component  from  an  alloy  system,  often  with  the  aid  of  an 
electric  field  [1,2].  Various  kinds  of  nanoporous  metals  (such  as  Ni, 
Au,  Ag,  Cu,  and  Pt)  have  been  fabricated  using  the  dealloying 
method,  and  applied  for  different  applications  [3-14]  such  as: 
sensors,  catalysts,  photonic  materials,  batteries,  supercapacitors, 
etc.  For  example,  dealloyed  nanoporous  Ni  has  lately  attracted 
much  attention  for  its  applications  in  photonic  materials,  [10] 
electrochemical  capacitors,  [6]  and  electrocatalysts  for  hydrogen 
evolution  [15].  Furthermore,  dealloying  is  being  applied  to  ever- 
expanding  material  systems.  Dealloying  process  in  intermetallics 
and  multi-phase  alloy  films,  [16,17]  tough  nanoporous  metals  by 
controlled  electrochemical  dealloying,  [18]  and  selective  etching  of 
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the  more  noble  component  of  an  alloy,  [19]  have  all  been  demon¬ 
strated.  Additionally,  alternating  dealloying  and  electroplating 
treatments  have  been  utilized  for  generating  interesting  porous 
metallic  materials  [20  .  One  of  the  major  challenges  present  for  the 
current  dealloying  technology  is  on  how  to  control  the  morphology 
and  composition  of  the  generated  porous  materials.  To  address  this 
challenge,  the  effects  of  different  dealloying  parameters,  such  as  the 
etchant  concentration,  dealloying  time,  and  dealloying  tempera¬ 
ture,  have  been  studied  [1,21].  Nevertheless,  little  attention  has 
been  paid  to  understand  the  impact  of  modulated  anodization 
voltages. 

Here  we  report  the  first  study  on  dealloying  with  the  application 
of  a  voltage  waveform.  To  introduce  our  motivation,  a  brief  intro¬ 
duction  of  the  dealloying  mechanism  is  necessary.  Previous  studies 
[22]  have  shown  that,  for  binary  alloys,  after  the  more  reactive 
metal  atoms  are  dissolved  at  alloy/electrolyte  interface,  the  more 
inert  metal  atoms  at  alloy/electrolyte  interface  undergo  an  atom 
rearrangement  process  and  form  clusters,  exposing  more  the  un¬ 
derlying  more  reactive  metal  atoms.  The  concurrent  processes  of 
chemical  dissolution  of  the  more  reactive  atoms  and  atom  rear¬ 
rangement  of  the  more  inert  atoms  allow  the  dissolution  front  to 
proceed  and  eventually  penetrate  throughout  the  whole  alloy.  In 
other  words,  dealloying  is  resulted  from  the  dynamic  interplay 
between  atom  rearrangements  of  the  more  inert  metal  species  and 
the  chemical  etching  of  the  more  reactive  metal  species. 
Conversely,  it  is  well-known  that  the  chemical  etching  rates  of 
metals  can  be  easily  controlled  by  adjusting  the  bias  applied. 
Therefore,  one  should  be  able  to  affect  the  dealloying  process  by 
adjusting  the  bias  applied.  To  verify  this  hypothesis,  we  dealloyed 
Ni— Cu  alloys  with  pulsed  voltage  waveforms  to  generate  nano- 
porous  Ni.  It  was  found  that  dealloying  under  a  pulsed  electric  field 
provides  a  simple  but  powerful  method  to  conveniently  control  the 
structures  and  compositions  of  the  porous  metals  generated  (e.g., 
more  thoroughly  dealloyed  nanoporous  metal  with  higher  porosity 
and  higher  purity  can  be  easily  achieved)  and  to  effectively  lower 
the  Dealloying  Threshold  (DT),  defined  here  as  the  compositional 
threshold  of  the  more  reactive  metals  required  for  dealloying  to 
take  place  throughout  the  alloy. 

Moreover,  this  novel  dealloying  method  proves  to  be  particu¬ 
larly  effective  for  treating  alloys  electrodeposited  with  surfactants. 
In  order  to  eliminate  voids  and  generate  smoother  films  with  finer 
grains,  surfactants  are  often  added  into  electroplating  bath  [23,24], 
however,  the  alloy  films  thus  obtained  are  often  found  difficult  to 
dealloy.  Here  we  demonstrate  that  dealloying  with  pulsed  voltage 
waveforms  is  a  particularly  powerful  method  to  address  this 
difficulty. 

Finally,  when  used  as  the  supercapacitor  electrode  materials, 
porous  Ni  fabricated  using  this  novel  dealloying  method  displays 
significantly  higher  specific  capacitance  than  the  conventionally 
dealloyed  counterpart. 

2.  Experimental 

2.1  Electrodeposition  ofNi—Cu 

A  three-electrode  cell  controlled  by  a  potentiostat  (HEKA,  PG 
310)  is  used  with  indium  tin  oxide-coated  glass  (CSG  PVTech  Co., 
Ltd.,  1.0  cm  x  1.0  cm)  as  the  working  electrode,  a  platinum  ring  as 
the  counter  electrode,  and  a  saturated  calomel  electrode  (SCE)  as 
the  reference  electrode.  All  the  electrochemical  experiments  are 
carried  out  at  room  temperature  ( -20  °C)  and  all  the  potentials  in 
this  paper  are  reported  in  reference  to  the  SCE  (0.244  V  vs.  the 
standard  hydrogen  electrode).  Electrodeposition  is  performed  in  an 
aqueous  electrolyte:  0.5  M  nickel  (II)  sulfamate  tetrahydrate 
(Aldrich,  98%),  0.005  M  copper  (II)  sulfate  pentahydrate  (Riedal- 


Dehaen),  and  0.6  M  boric  acid  (Riedal-Dehaen).  The  pH  value  of  the 
electrolyte  is  measured  to  be  3.83.  For  experiments  with  surfactants 
added  in  the  electrolyte,  3  pg  mL_1  of  saccharin  (International 
Laboratory  USA)  is  added  into  the  electrolyte.  All  chemicals  are  of 
analytical  grade  and  used  without  further  purification.  The  Ni— Cu 
films  are  typically  deposited  at  -0.820  V  for  130  min. 

2.2.  Dealloying 

After  the  Ni-Cu  film  is  deposited,  the  film  is  anodically  etched  at 
the  room  temperature  in  the  same  electrolyte  used  for  electrode¬ 
position.  Pulse  dealloying  is  carried  out  with  the  voltage  periodi¬ 
cally  modulating  between  V\  and  V2  for  time  durations  of  t\  and  t2, 
respectively,  for  an  overall  period  of  time  of  tdeaiioy-  Unless  other¬ 
wise  stated,  V\  =  0.5  V,  t\  =  1  s,  V2  =  0.06  V,  t2  =  5  s,  and 
tdeaiioy  =  30  min  (typically  the  dealloying  current  drops  to  essen¬ 
tially  zero  within  this  period).  For  comparison,  dealloying  is  also 
performed  at  a  constant  voltage  (ConstV)  of  0.5  V  for  30  min. 

2.3.  Characterizations 

The  scanning  electron  microscope  (SEM,  JEOLJSM-820)  equip¬ 
ped  with  the  energy  dispersive  X-ray  spectrometer  (EDX)  (Oxford 
INCA  7109)  is  used  to  examine  the  film  morphology  and  compo¬ 
sition.  The  X-ray  diffraction  (XRD)  patterns  are  collected  using  an  X- 
ray  diffractometer  (Rigaku  SmartLab).  The  cyclic  voltammetry  (CV) 
measurements  are  conducted  on  the  as-electrodeposited  (not 
dealloyed)  Ni-Cu  films  in  the  electrolyte  used  for  electrodeposition 
and  dealloying.  The  voltage  is  scanned  between  0.5  V  and  -0.75  V 
at  a  rate  of  50  mV  s-1  with  a  potentiostat  (PAR  Verastat  3). 

2.4.  Electrodeposition  ofNiIU0(OH) 

NiniO(OH)  is  electrodeposited  at  0.9  V  in  a  solution  of  nickel  (II) 
sulfate  (0.5  M,  Aldrich,  ACS  reagent)  and  ammonium  hydroxide 
solution  (0.5  M,  Riedal-Dehaen,  ACS  reagent),  following  the  pre¬ 
viously  reported  method  25].  The  amount  of  charge  passed  during 
the  electrodeposition  of  NiniO(OH)  is  set  at  0.2  C  cm-2.  The  actual 
mass  of  NiinO(OH)  deposited  is  measured  by  an  analytical  balance 
(METTLER  AT250  with  the  resolution  of  0.01  mg  and  the  readability 
(standard  deviation)  of  0.02  mg).  After  deposition,  the  sample  is 
rinsed  with  deionized  water  and  ethanol  separately  and  then  dried 
under  N2. 

2.5.  Electrochemical  measurements  for  supercapacitor  applications 

Electrochemical  measurements  for  supercapacitor  applications 
are  performed  at  room  temperature  with  a  potentiostat  (PAR 
Verastat  3).  A  three-electrode  system  is  used  with  the  SCE  as  the 
reference  electrode,  a  platinum  foil  (2  cm  x  2  cm)  as  the  counter 
electrode,  and  the  sample  as  the  working  electrode.  The  electrolyte 
used  is  an  aqueous  solution  of  1  M  KOH.  Cyclic  voltammetry 
measurements  are  performed  between  -0.5  V  and  0.5  V  with  a 
scan  rate  of  5  mV  s-1.  Cyclic  chronopotentiometric  profiles  are 
measured  at  a  current  density  of  1.5,  3,  7.5, 15,  30  A  g~\  and  the 
cycling  stability  is  tested  with  a  constant  current  density  of 
7.5  A  g_1  for  1000  cycles. 

3.  Results  and  discussion 

The  voltage  value  of  the  pulsing  steps  is  determined  from  the 
cyclic  voltammogram  measurement  (Fig.  SI)  of  the  as-deposited 
Ni-Cu  film:  the  pulse  bias  is  set  to  be  0.06  V  based  on  the  obser¬ 
vation  that  at  0.06  V  a  very  low  current  was  generated.  Minimum 
current  flow  is  desired  for  the  pulsing  steps  in  order  to  eliminate 
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metal  dissolving  or  deposition  during  the  pulsing  steps,  allowing 
“breaks”  for  the  atom  rearrangement  to  take  place  without 
disturbance.  From  the  cyclic  voltammogram  measurement  (Fig.  SI ), 
0.5  V  generates  a  reasonably  high  dealloying  current,  which  is  in 
good  consistence  with  previous  studies  10,11,19].  Thus,  0.5  V  is 
chosen  as  the  dealloying  voltage  for  the  high-voltage  step. 

Previous  reports  show  that  the  presence  of  saccharin  as  a  sur¬ 
factant  in  the  electroplating  bath  greatly  affects  the  morphology  of 
the  deposited  metal  film,  e.g.,  leading  to  greatly  increased  surface 
smoothness  [23,24],  however,  the  alloy  films  deposited  with  sur¬ 
factants  added  are  generally  difficult  to  be  dealloyed  to  form  the 
desired  nanoporous  metallic  structures,  due  to  the  fact  that  the 
surfactant  molecules  are  likely  to  be  trapped  at  the  grain  bound¬ 
aries  and  can  serve  as  barriers  for  the  dealloying  front  to  proceed,  as 
indicated  in  the  previous  studies  [19,20].  Here  two  groups  of 
electroplating/dealloying  experiments  are  carried  out:  one  with 
saccharin  in  the  electrolyte  and  the  other  without.  The  morphol¬ 
ogies  and  compositions  of  the  as-deposited  and  as-dealloyed  films 
are  shown  in  Fig.  1.  It  can  be  seen  that  the  addition  of  saccharin 
leads  to  much  smoother  surface  for  the  as-deposited  Ni-Cu  film 
(Figs.  1A  and  D),  which  is  in  good  agreement  with  the  previous 
studies  [19,20]. 

It  is  evident,  for  the  two  groups  of  experiments  (either  with 
saccharin-free  or  saccharin-containing  baths),  porous  structures 
with  bigger  pores,  higher  porosity,  as  well  as  thinner  ligaments 
(Fig.  1C  and  F)  are  generated  in  the  pulse-dealloyed  samples 
compared  with  the  ConstV-dealloyed  ones  (Fig.  IB  and  E).  For 
example,  for  samples  fabricated  without  the  presence  of  saccharin, 
the  ConstV-dealloyed  Ni— Cu  film  exhibits  pores  of  50-200  nm,  and 
ligaments  of  several  hundred  nanometers  (Fig.  IB).  By  contrast,  the 
pulse-dealloyed  one  shows  bigger  pores  of  300-500  nm  and  much 
thinner  ligaments,  approximately  50  nm  (Fig.  1C).  Note  that  the 
calculated  film  porosities  are  also  shown  in  Fig.  1.  The  film  poros¬ 
ities  are  calculated  by  comparing  the  film  compositions  before  and 
after  dealloying,  assuming  that  only  Cu  is  removed  during  the 
dealloying  process  (see  Supporting  information).  As  a  result,  the 
pulse-dealloyed  samples  feature  much  higher  porosity  than  the 
ConstV-dealloyed  counterparts.  Moreover,  pulse  dealloying  gener¬ 
ates  porous  Ni  films  with  remarkably  higher  purities  than  ConstV- 
dealloying.  For  example,  for  samples  prepared  without  saccharin, 
the  Ni  content  of  the  pulse-dealloyed  film  is  87  wt.%,  much  higher 


than  69  wt.%  of  the  ConstV-dealloyed  one.  The  higher  Ni  purity 
obtained  in  the  pulse-dealloyed  film  is  further  confirmed  by  the 
XRD  measurements  (Fig.  S2)  which  show  that  the  (111 )  peak  for  the 
pulse-dealloyed  film  shifts  to  a  higher  diffraction  angle  which  is 
closer  to  the  (111)  peak  of  pure  Ni.  The  mechanism  of  the  selective 
etching  of  Cu,  the  nobler  component,  was  well  studied  by  Searson 
and  co workers  [19].  In  brief,  the  formation  of  a  passive  oxide  film 
on  nickel  in  sulfamate  solutions  allows  the  selective  electro¬ 
chemical  etching  of  Cu. 

More  interestingly,  for  samples  prepared  in  the  saccharin- 
containing  bath,  the  film  is  barely  dealloyed  using  the  conven¬ 
tional  ConstV  method.  This  is  evidenced  by  the  film  morphology  of 
shallow  and  sparse  small  pores  observed  in  SEM  (Fig.  IE)  and  the 
barely  varied  Ni  weight  percentage  of  the  treated  film,  indicating 
that  the  film  prepared  with  saccharin  has  a  much  higher  DT 
( DT  >  50  wt.%,  that  is,  >50  wt.%  Cu  required  for  dealloying  to  take 
place)  than  the  one  prepared  without  (DT  <  42  wt.%).  Again,  this  is 
because  that  the  surfactant  molecules  in  the  electroplating  solution 
may  get  trapped  in  the  deposited  film,  particularly  at  the  grain 
boundaries.  During  the  dealloying  process,  the  trapped  surfactant 
molecules  at  the  grain  boundaries  can  serve  as  barriers  to  the 
migration  of  the  metal  atoms,  retarding  the  dealloying  process 
[19,20].  Moreover,  it  is  found  that  this  dealloying  difficulty  cannot 
be  overcome  by  simply  applying  a  higher  dealloying  voltage  (e.g., 
0.9  V),  which  only  results  in  shallow  and  sparse  pores  (Fig.  S3,  see 
Supporting  Information).  Contrarily,  pulse  dealloying  readily  gen¬ 
erates  a  porous  structure  (Fig.  IF)  with  significantly  increased  Ni 
purity  (from  51  wt.%  to  72  wt.%),  illustrating  the  power  and  effec¬ 
tiveness  of  this  novel  dealloying  method— particularly  for  signifi¬ 
cantly  lowering  DT. 

As  mentioned  in  Introduction,  the  dealloying  process  takes 
place  in  the  following  steps:  1)  the  reactive  atoms  are  etched  away 
at  the  alloy  surface,  2)  the  inert  atoms  left  at  the  alloy/electrolyte 
interface  rearrange  themselves  and  form  clusters,  exposing  the 
reactive  atoms  underneath,  3)  the  newly  exposed  reactive  atoms 
are  etched,  4)  Steps  2  and  3  are  repeated  until  the  dealloying  front 
penetrates  throughout  the  entire  alloy  material.  Thus,  the  atomic 
rearrangement  and  chemical  dissolution  at  the  film/electrolyte 
interface  determine  the  morphology  and  composition  of  the  deal¬ 
loyed  materials  finally  obtained.  The  conventional  dealloying 
method,  either  with  a  ConstV  or  no  electric  field  applied,  has  little 
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Fig.  1.  Plan-view  SEM  images,  Ni  contents,  and  porosities  of  the  as-deposited  and  as-dealloyed  (dealloyed  for  30  min)  Ni-Cu  films.  The  scale  bars  indicate  2  pm. 
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control  over  the  interaction  between  the  atom  rearrangement  and 
chemical  dissolution  processes.  For  conventional  dealloying, 
chemical  dissolution  strongly  interferes  with  atomic  rearrange¬ 
ment  throughout  the  entire  dealloying  process.  For  example,  as 
soon  as  the  underlying  reactive  atoms  are  exposed,  they  undergo  a 
dissolution  reaction,  which  interferes  with  the  previously  ongoing 
atom  rearrangement  at  the  film/electrolyte  interface.  As  a  result, 
the  voids  created  upon  the  dissolution  of  these  reactive  atoms  may 
trigger  new  atom  rearrangements  locally;  further  disturbing  the 
previously  ongoing  atom  rearrangement.  On  the  other  hand,  the 
insufficient  atom  rearrangement  can  in  turn  result  in  less  exposure 
and  dissolution  of  the  more  reactive  atoms.  Therefore,  the  con¬ 
ventional  dealloying  methods  tend  to  render  high  DT/ low  purity/ 
low  porosity  samples,  due  to  the  incomplete  atom  rearrangement. 
On  the  contrary,  the  pulse  dealloying  method  offers  an  effective 
control  over  the  interaction  between  atom  rearrangement  and 
chemical  dissolution,  allowing  more  sufficient  atom  rearrangement 
by  suppressing  the  chemical  dissolution  reaction  frequently,  so  that 
the  dealloyed  materials  with  lower  DT,  higher  purity,  and  higher 
porosity  can  be  generated.  Additionally,  it  should  be  noted  that, 
compared  with  the  conventional  dealloying  method,  the  pulse 
dealloying  method  allows  for  atom  rearrangement  at  a  larger  scale 
and  is  likely  to  reduce  the  inhomogeneity  in  the  pre-formed  alloy 
materials.  This  effect  can  be  clearly  seen  by  comparing  the  ConstV- 
and  pulse-dealloyed  metallic  multilayers  (see  Supporting  info, 
Fig.  S4).  Ni-Cu  multilayers  with  alternating  compositions  along  the 
film  thickness  direction  are  first  electrodeposited  and  then  deal¬ 
loyed.  As  illustrated,  the  pulse  dealloying  treatment  preserves  less 
the  pre-built  structural  order  in  the  Ni— Cu  alloys  than  the  ConstV- 
dealloying.  Nevertheless,  this  “smoothing”  effect  of  pulse  deal¬ 
loying  can  be  beneficial  in  circumstances  where  a  more  homoge¬ 
neous  material  is  desired. 

Consequently,  considering  that  the  chemical  dissolution  of 
metals  (and  thus  the  atom  arrangement  to  some  degree)  can  be 
controlled  by  tuning  the  voltage  and  duration  of  the  bias  applied,  in 
principle,  one  can  control  the  morphology  and  composition  of  the 
dealloyed  metallic  structure  by  tailoring  the  voltage  profile  applied. 
To  verify  this  hypothesis,  the  impact  of  the  time  durations  of  the 
voltage  steps,  namely  t\  (at  0.5  V)  and  t2  (at  0.06  V),  of  the  pulsed 
voltage  waveform  on  the  dealloyed  structure  is  investigated  (Fig.  2). 
Compared  with  the  voltage  waveform  with  t\  =  1  s  and  t2  =  5  s 
(Fig.  2B),  a  less  frequent  pulsed  waveform  with  t\  =  5  s  and  t2  =  5  s 
(Fig.  2 A)  leads  to  smaller  pores,  thicker  ligament,  smaller  porosity, 
and  lower  Ni  purity— in  other  words,  the  structure  is  more  similar 
to  the  ConstV-dealloyed  counterpart  (Fig.  IB).  Moreover,  compared 
with  voltage  waveform  with  t\  =  1  s  and  t2  =  5  s  (Fig.  2B),  a  longer 
pulsing  step  with  t\  =  1  s  and  t2  =  15  s  (Fig.  2C)  leads  to  similar  film 
porosity  and  Ni  purity,  but  significantly  smaller  pores.  Moreover, 
the  overall  dealloying  time,  tdeaiioy.  shows  strong  impact  on  the  film 
morphology  and  composition  (Fig.  S5).  By  tuning  the  pulsed  voltage 


profiles,  various  porous  morphologies  and  film  compositions  are 
achieved,  illustrating  the  great  flexibility  of  the  pulse  dealloying 
method  for  convenient  structural  control.  The  nanoporous  Ni  films 
fabricated  by  the  pulse  dealloying  method  are  tested  in  super¬ 
capacitor  applications.  Because  of  their  wide  range  of  potential 
applications,  supercapacitors  as  a  type  of  charge  storage  device 
have  been  intensively  investigated.  To  achieve  high-performance 
supercapacitors,  a  strategy  attracted  much  attention  lately  is  to 
coat  the  electro-active  materials  on  conductive  host  frameworks  in 
order  to  1 )  more  efficiently  utilize  the  electro-active  materials  by 
providing  a  much  enlarged  working  surface  area  2)  dramatically 
lower  the  internal  resistance  by  enabling  direct  charge  transfer 
from  the  usually  poorly  conductive  electro-active  materials  to  the 
charge  collectors  (i.e.,  the  conductive  frameworks)  [3-5,11,26,27]. 
The  conductive  frameworks  used  for  supercapacitor  electrodes  (e.g. 
nanoporous  Au)  are  commonly  fabricated  using  the  dealloying 
techniques  [5,11]. 

Flere,  we  compare  pulse-dealloyed  and  ConstV-dealloyed 
porous  Ni  for  the  supercapacitor  applications.  The  dealloyed  Ni 
frameworks  ( -  700  nm  thick)  are  first  electrochemically  deposited 
with  a  thin  layer  of  NimO(OFI)  and  then  tested  as  the  supercapacitor 
electrodes.  The  weight  of  NiniO(OFI)  deposited  is  determined  by  the 
gravimetric  method  and  measured  to  be  0.127  mg  cm-2.  The  top- 
view  SEM  measurements  reveal  that  the  pores  were  neither  clog¬ 
ged  nor  dramatically  shrunk  upon  coated  with  NimO(OH)  for  both 
types  of  electrodes  (Fig.  3A).  The  cyclic  voltammetry  curve  (Fig.  3B) 
of  the  electrode  based  on  pulse-dealloyed  Ni  possesses  a  larger 
enclosed  area  than  the  one  on  ConstV-dealloyed  Ni,  indicating  an 
improved  capacitive  property  of  the  former.  Chronopotentiometric 
measurements  at  a  discharge  current  density  of  1.5  A  g_1  (Fig.  3C) 
show  that  the  electrode  based  on  the  pulse-dealloyed  Ni  frame¬ 
work  possesses  much  longer  discharging  time  and  therefore  a 
significantly  larger  SC  (1521  F  g_1)  than  the  one  based  on  the 
ConstV-dealloyed  Ni  structure  (1032  F  g_1),  which  is  calculated 
with  the  following  equation  (Eq.  (1)): 


where  Cm  is  the  specific  capacitance  (SC)  of  the  electrode,  /  the 
galvanic  discharge  current,  At  the  full  discharge  time,  m  the  mass  of 
the  electroactive  material,  and  AV  the  potential  window. 

The  chronopotentiometric  profiles  are  further  investigated  at 
different  charge/discharge  current  densities  (Fig.  3D  and  E).  The  SCs 
of  NimO(OFI)  deposited  on  the  pulse-dealloyed/ConstV-dealloyed 
Ni  films  are  measured  to  be  1521/1032, 1479/993, 1446/929, 1393/ 
893, 1288/857  F  g^1  at  1.5,  3,  7.5, 15,  and  30  A  g~\  respectively.  The 
significant  improvement  in  SC  further  indicates  the  pulse- 
dealloyed  films  possess  larger  surface  area  than  the  ConstV- 
dealloyed  ones.  This  is  because  charge  in  a  supercapacitor  is 


Fig.  2.  Plane-view  SEM  images,  Ni  contents,  and  porosities  of  the  pulse-dealloyed  films  fabricated  with  different  t\  and  t2  (films  prepared  without  the  addition  of  saccharin  in  the 
electrolyte,  dealloyed  for  30  min).  The  scale  bars  indicate  2  pm. 
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Fig.  3.  Surface  morphologies  and  electrochemical  capacitance  performance  of  NimO(OH)  coated  on  the  ConstV-dealloyed  and  pulse-dealloyed  Ni  scaffolds:  A)  Top-view  SEM  images. 
The  scale  bars  indicate  5  pm.  B)  cyclic  voltammogram  curves  with  a  scan  rate  of  5  mV  s-1.  C)  Chronopotentiometric  curves  at  a  constant  charge/discharge  current  density  of 
1.5  A  g -1.  D)  Chronopotentiometric  curves  at  different  current  densities  for  NimO(OH)  coated  on  the  pulse-dealloyed  Ni  framework.  E)  SCs  at  different  current  densities.  F)  Cycling 
performance  at  7.5  A  g~\ 


generally  stored  through  electrochemical  reactions  within  a  very 
shallow  skin  depth  (usually  within  several  nm)  of  the  electro-active 
materials  [28],  thus  the  mass-specific  capacitance  of  an  electro¬ 
active  material  can  be  a  direct  indicator  of  its  specific  surface 
area.  On  the  other  hand,  the  gradual  SC  decrease  with  increasing 
charge/discharge  rate  observed  on  both  types  of  electrodes  (Fig.  3D 
and  E)  can  be  ascribed  to  the  diffusion-controlled  nature  of  the 
redox  reaction  (Eq.  (2))  that  takes  place  mainly  at  the  surfaces  of  the 
electro-active  materials  [29,30]. 

Ni"(OH)2  +  OH~  — >NiIII0(0H)  +  H20  +  e“  (2) 

The  cycling  performance  for  both  types  of  electrode  is  tested  at 
7.5  A  g-1  for  1000  cycles  (Fig.  3F).  Having  a  more  porous  structure 
with  finer  ligaments,  the  pulse-constructed  electrode  displayed  the 
similar  cycling  stability  as  the  ConstV-constructed  one.  The  SC  of 
the  pulse-constructed  electrode  decreases  ~15%  in  the  first  200 
cycles  and  then  gradually  levels  off  with  no  further  deprecation  in 
the  last  400  cycles,  while  the  SC  of  the  ConstV-constructed  elec¬ 
trode  drops  ~  18%  in  the  first  400  cycles  before  entering  a  stabilized 
level. 


It  should  be  pointed  out  [5,11,31-36]  that  nickel  oxides  have 
been  widely  studied  for  supercapacitor  electrodes.  The  application 
of  conductive  frameworks  to  host  nickel  oxides  has  proved  to  be 
particularly  effective  for  improving  their  performance.  For  example, 
macroscopic  Ni  foams  with  sub-mm  pores  [31,33  ,  Ni  nanoparticles 
[32],  conventionally  dealloyed  metals  [5],  nanoporous  Ni  frame¬ 
works  with  corrugated  pore  walls  [11],  and  graphene  [36]  have 
been  reported  as  effective  conductive  frameworks.  The  pulse- 
dealloyed  Ni  framework  reported  in  this  study  serves  as  a  novel 
type  of  low-cost  conductive  host  framework  for  supercapacitor 
electrodes  that  enables  high  electrochemical  performance  compa¬ 
rable  to  the  best  ones  reported  to  date. 

4.  Conclusion 

In  summary,  we  demonstrate  a  novel  electrochemical  deal¬ 
loying  method  using  pulsed  voltage  profiles  for  conveniently  con¬ 
trolling  the  morphology  and  composition  in  the  porous  metal 
product.  This  dealloying  method  proves  to  be  particularly  powerful 
in  allowing  the  dealloying  reaction  to  take  place  at  a  significantly 
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lower  composition  of  the  more  reactive  metal  component  and  in 
achieving  a  more  thorough  dealloying  to  yield  a  porous  metal 
product  of  higher  purity.  Moreover,  thinner  ligaments  and  larger 
specific  surface  area  can  be  generated.  Compared  with  the 
conventionally  dealloyed  porous  metals,  the  porous  metals  enabled 
by  the  method  reported  here  can  be  well-suited  for  the  wide- 
ranging  applications  (such  as  catalysts,  supercapacitor/battery 
electrodes,  and  sensors)  that  call  for  higher  purities,  finer  porous 
morphologies,  or  larger  specific  surface  areas  in  nanoporous 
metallic  materials. 
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